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ABSTRACT

Novel influenza viruses often cause differential infection patterns across different age groups, an effect that is defined as hetero-
geneous demographic susceptibility. This occurred during the A/H2N2 pandemic, when children experienced higher influenza
attack rates than adults. Since the recognition of conserved epitopes across influenza subtypes by CD8* cytotoxic T lymphocytes
(CTLs) limit influenza disease, we hypothesized that conservation of CTL antigenic peptides (Ag-p) in viruses circulating before
the pH2N2-1957 may have resulted in differential CTL immunity. We compared viruses isolated in the years preceding the pan-
demic (1941 to 1957) to which children and adults were exposed to viruses circulating decades earlier (1918 to 1940), which
could infect adults only. Consistent with phylogenetic models, influenza viruses circulating from 1941 to 1957, which infected
children, shared with pH2N2 the majority (~89%) of the CTL peptides within the most immunogenic nucleoprotein, matrix 1,
and polymerase basic 1, thus providing evidence for minimal pH2N2 CTL escape in children. Our study, however, identified po-
tential CTL immune evasion from pH2N2 irrespective of age, within HLA-A*03:01" individuals for PB1,,,-L473V/N476I vari-
ants and HLA-B*15:01" population for NP, _,,,~V408I mutant. Further experiments using the murine model of B-cell-defi-
cient mice showed that multiple influenza infections resulted in superior protection from influenza-induced morbidity,
coinciding with accumulation of tissue-resident memory CD8* T cells in the lung. Our study suggests that protection against
H2N2-1957 pandemic influenza was most likely linked to the number of influenza virus infections prior to the pandemic chal-
lenge rather than differential preexisting CTL immunity. Thus, the regimen of a CTL-based vaccine/vaccine-component may
benefit from periodic boosting to achieve fully protective, asymptomatic influenza infection.

IMPORTANCE

Due to a lack of cross-reactive neutralizing antibodies, children are particularly susceptible to influenza infections caused by
novel viral strains. Preexisting T cell immunity directed at conserved viral regions, however, can provide protection against in-
fluenza viruses, promote rapid recovery and better clinical outcomes. When we asked whether high susceptibility of children
(compared to adults) to the pandemic H2N2 influenza strain was associated with immune evasion from T-cell immunity, we
found high conservation within T-cell antigenic regions in pandemic H2N2. However, the number of influenza infections prior
to the challenge was linked to protective, asymptomatic infections and establishment of tissue-resident memory T cells. Our
study supports development of vaccines that prime and boost T cells to elicit cross-strain protective T cells, especially tissue-
resident memory T cells, for lifelong immunity against distinct influenza viruses.

Respiratory infections caused by influenza viruses are respon-
sible for approximately half a million deaths worldwide annu-
ally (1), representing a significant health and economic burden
(2). The emergence of new influenza A virus (IAV) lineages, as
observed during 1918, 1957, 1968, and 2009, as well as the fre-
quent zoonosis of diverse avian and swine IAVs, represents a per-
sistent pandemic threat (3). Neutralizing antibody (nAb)-based
vaccines are currently the most effective means to control influ-
enza. Nonetheless, since these vaccines are directed against the
rapidly changing surface glycoproteins, protection is predomi-
nantly strain specific (4). The ability of IAVs to elude immune
surveillance by antigenic drift makes effective protection against
seasonal influenza short-lived, resulting in susceptibility to reas-
sortant or newly emerged influenza viruses.

In contrast, CD8" T lymphocytes (CTLs) recognize major his-
tocompatibility complex class I presenting viral peptides primar-
ily derived from the internal influenza proteins that exhibit greater
conservation across influenza subtypes (5, 6). Thus, preexisting
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CTL memory can mediate heterologous immunity among HIN1,
H2N2, H3N2, H5N1, and H7N9 influenza A viruses (7-10), pro-
viding a potential for the highly sought “universal” influenza vac-
cine. CTL-mediated heterosubtypic protection against influenza
viruses has been demonstrated in mice (11-13) and supported in
humans (14-17), although immune evasion from immunodom-
inant influenza CTL epitopes also occurs (18).
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Newly emerged influenza viruses may be associated with dif-
ferential infection patterns in age groups, due to heterogeneous
demographic susceptibility. For example, epidemiological studies
on susceptibility to pandemic influenza viruses have highlighted a
disproportionately high attack rate in children during the H2N2
“Asian” pandemic in 1957 (19). This intriguing susceptibility pat-
tern to a supposedly ‘novel’ virus was revealed in a unique retro-
spective analysis of archived active surveillance data, collected
during the period from 1947 to 1957, culminating with the emer-
gence of the pandemic 1957 H2N2 virus (pH2N2-1957) (19).
Among individuals reported to have experienced influenza infec-
tions prior to emergence of pH2N2-1957, 55% of children had
influenza symptoms during the pandemic compared to only 5%
of adults (19).

It is thought that in the absence of pH2N2-specifc nAbs, pre-
established CD8" T cell memory contributed to asymptomatic
disease during the H2N2 pandemic; however, no immunological
evidence for preexisting CD8™ T cell immunity toward pH2N2-
1957 has yet been provided. Here, we investigated how infection
history may have shaped CD8" T cell memory directed against
pH2N2-1957 and hypothesized two scenarios that could account
for differential age susceptibility toward this virus as follows.

(i) Early HIN1 influenza strains (circulating from ca. 1918 to
1940, to which only adults would have been exposed) comprised
CTL antigenic peptides closely related to those found in pH2N2-
1957. Conversely, HIN1 viruses circulating closer to 1957 (1941 to
1956, to which both adults and children may have been recently
exposed) shared fewer CTL immunogenic peptides with pH2N2-
1957, resulting in reduced CTL reactivity and protection from
disease.

(ii) Alternatively, differences in the number of prior influenza
virus exposures had an impact on pH2N2-1957 differential sus-
ceptibility among the age groups. In particular, the severe influ-
enza outbreaks recorded in 1947 (20) and 1950-1951 (21), asso-
ciated with hemagglutinin (HA) intrareassortment events (22)
raised the possibility that adults may have experienced more than
one influenza virus infection (pre- and post-1940) that could have
generated a boosting effect on CD8" T cell memory. This is in
contrast to children born since 1941 (19), who were less likely to
have had the opportunity for infection with serologically distinct
influenza viruses for CTL memory boosting.

Importantly, reemergence of an H2 virus in humans remains a
significant concern due to the lack of nAbs against this hemagglu-
tinin in individuals under 50 years of age. H2N2 viruses that cir-
culate in birds (23) show genetic similarities with the ancestors of
the 1957 pandemic virus (24-26), are replicatively fit, can induce
contact transmission, and are pathogenic in mammals (27). Since
influenza virus-specific CD8™ T cell memory can promote recov-
ery from new influenza viruses, they have potential to reduce
pathogenicity of reemerging H2 viruses (28). We therefore inves-
tigated preexisting CTL immunity in the context of the 1957
H2N2 pandemic.

Using an evolutionary and functional approach, we analyzed
the viral sequences of several immunogenic influenza proteins—
nucleoprotein (NP), matrix 1 (M1), and polymerase basic 1 (PB1)
(8)—and found a high level of conservation (~70%) in CTL pep-
tides across 40 years of influenza virus evolution (1918 to 1957).
Furthermore, consistent with phylogenetic models, influenza vi-
ruses circulating from 1940 to 1957 shared the majority (~89%)
of CTL peptides with pH2N2-1957, indicating minimal viral es-
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cape from preexisting CTL immunity in children. Experiments
using B-cell-deficient (WMT) mice showed that in the absence of
antibodies, repeated influenza virus infections consolidate protec-
tion from influenza disease, associated with an increase in the
number of tissue-resident CD8" memory T (CD8™ Ty,,) cells in
the lung. Thus, our data suggest that population protection
against pH2N2-1957 was more likely related to the number of
influenza virus infections prior to pandemic challenge rather than
to the differential preexisting CTL immunity.

MATERIALS AND METHODS

Ethics statement. All animal experimentation was conducted according
to the Australian National Health and Medical Research Council Code of
Practice for the Care and Use of Animals for Scientific Purposes guidelines
for housing and care of laboratory animals and performed in accordance
with institutional regulations after pertinent review and approval by the
University of Melbourne Animal Ethics Experimentation Committee (no.
1312880.3) and the Walter and Eliza Hall Institute Ethics Committee (no.
2011.031) in Melbourne. Human peripheral blood was collected from
healthy volunteers, with written informed consent, and approved by the
University of Melbourne Human Ethics Committee (no. 1443389.3).

Donors and PBMC isolation. Cryopreserved peripheral blood mono-
nuclear cells (PBMCs) from healthy donors expressing relevant human
leukocyte antigen (HLA) alleles (HLA-A*02:01", -A*03:01 ", -B*15:01",
and -A*11:017; 12 donors [see Table 2]) was used in the study. To isolate
PBMC:s, blood was collected in heparinized tubes for PBMC isolation
using Ficoll-Paque (GE Healthcare, Sweden) density gradient centrifuga-
tion. Cryopreserved PBMCs were used throughout the study. HLA geno-
typing was performed by the Victorian Transplant and Immunogenetics
Service (Parkville, Victoria, Australia).

Influenza A protein and CTL antigenic regions conservation analy-
sis. We obtained influenza protein sequences from the NCBI Influenza
Virus Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html)
and performed data searches in the Immune Epitope Database (http:
/Iwww.iedb.org/) to compile a list of experimentally tested CTL antigenic
regions in the influenza proteome (data not shown). Based on the immu-
nogenicity, we focused on the proteins NP (71 epitopes), M1 (39
epitopes), and PB1 (32 epitopes). To analyze conservation across inter-
pandemic periods, we aligned protein sequences pertaining to all reported
human influenza A isolates in circulation in the following data sets: (i)
from 1918 to 1957 (A/Brevig Mission/1918 [HIN1], used as a reference
sequence), (ii) from 1918 to 1940, and (iii) from 1941 to 1956 (A/Singa-
pore/1/1957 [H2N2], used as a reference for the latter two data sets). The
conservation of whole proteins was calculated as a proportion of the num-
ber of mutated residues with respect to the total number of residues in
each protein (see Fig. 2). For the conservation analysis of CTL antigenic
regions, we compared the corresponding region in the reference se-
quences against the human isolates during the relevant interpandemic
period (from 1918 to 1957: n = 97 strains for NP, n = 99 strains for M1,
and n = 98 for PB1). The analytic data in Tables 1 and 2 and Fig. 2A were
determined using the IEDB conservancy tool (tools.immuneepitope.org/
tools/conservancy/iedb_input) at a 100% cutoff match. Sporadic changes
were discarded, i.e., CTL antigenic regions that were >80% during the
time period analyzed were classified as conserved (Tables 1 and 2).

CTL restimulation and intracellular cytokine assay. Peptides used
for functional analysis were purchased from GenScript (Piscataway, NJ)
and dissolved in Hanks balanced salt solution (HBSS). Polyclonal T cell
lines were established by pulsing PBMCs with peptide at 10 wM in RPMI
(Gibco/Invitrogen) for 1.5 h at 37°C (29). After incubation with the pep-
tide, the PBMCs were washed twice and cocultured with the unpulsed
fraction at a 1:2 peptide-pulsed/peptide-unpulsed ratio. Cultures were
maintained for 10 days in cRPMI (RPMI supplemented with 1 mM so-
dium pyruvate, 5 mM HEPES buffer, 2 mM r-glutamine, 100 mM non-
essential amino acids, 55 mM 2-mercaptoethanol, streptomycin at 100
mg/ml, and penicillin at 100 U/ml [all from Gibco]) and 10% (vol/vol)
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TABLE 1 Conservation of CTL peptides (relative to pHIN1-1918) from A
1918 to 1957 Closely related CTL peptides
HIN1 and H2N2 viruses” Un-related CTL peptides
Protein Total no.” Cons (no.) Cons (%)
NP 71 36 51 A(H2N2)-1957
M1 39 28 72
PB1 32 28 88 Protected Adults
M C
Inclusive 142 %2 70 Susceptible Children k
“ That is, the total number of Ag-p. 1918
b Cons, conserved Ag-p. 1941 1950
¢ That is, the sum or mean percentage of Ag-p. B
Children

heat-inactivated fetal calf serum (Thermo Scientific), with rhIL-2 (Apollo,
Australia) at 10 U/ml added at 2-day intervals from day 4 onward. On day
10 after peptide stimulation, intracellular cytokine staining (ICS) was per-
formed. Briefly, C1R cells transfected with HLA-A*02:01 were pulsed with
cognate peptide at 10 wM peptide for 1.5 h at 37°C. For HLA-A*03:01-,
-A*11:01-, and -B*15:01-restricted peptides, freshly thawed autologous
PBMCs were incubated with 10 uM peptide as target antigen-presenting
cells (APCs). The corresponding peptide-pulsed APCs (1 X 10° cells)
were cocultured with the relevant polyclonal T cell line (2 X 10° cells, at
day 10) for 5 h. The cells were stained for 30 min on ice in the dark with
anti-CD3-PE-Cy7 (BioLegend), anti-CD4-Pacific Blue and anti-CD8a-
PerCP-Cy5.5 (both of these monoclonal antibodies were from BD Biosci-
ences), and Live/Dead-NIR fixable stain (Life Technologies). Cells were
then fixed and permeabilized with Cytofix/Cytoperm reagent (BD Biosci-
ences) for 20 min on ice in the dark. Intracellular staining with anti-
gamma interferon (IFN-v)-FITC and anti-tumor necrosis factor alpha
(TNF-a)-APC (BD Biosciences) diluted in Permwash (BD Biosciences)
was performed for 30 min on ice in the dark. After a washing step, the cells
were analyzed by flow cytometry on an LSR II or BD FACSCanto 1II in-
strument (BD Biosciences). Cytokine background from polyclonal T cell
lines incubated with no peptide control APCs was subtracted.

Isolation of epitope-specific IFN-y-producing cells and single-cell
TCR repertoire analysis. Day 10 polyclonal T cell lines (2 X 10° cells)
were expanded in cRPMIh (RPMI supplemented as described above ex-
cept the FCS was replaced with 10% heat-inactivated human male AB
plasma-serum [Sigma-Aldrich], as indicated by the manufacturer) and
restimulated with 1 uM peptide for 2 h in a 96-well cell-culture plate for
2 h. TFN-y-producing CD8" T cells were detected using an ITFN-vy secre-
tion assay (Miltenyi Biotec), as described previously (30), and surface
staining was performed. CD3" CD4~ CD8" IFN-y™" live lymphocytes
were single cell sorted using a FACSAria III (BD Biosciences) into 96-well-
PCR plates (Qiagen). T-cell-receptor (TCR) sequence determination was
performed as described previously (30, 31).

Phylogenetic analysis. The full protein coding genes of the M1, NP,
and PB1 from human influenza HIN1 and H2N2 viruses isolated from
1918 to 1967 were acquired from the Global Initiative of Sharing Avian
Influenza Data (GISAID) database and analyzed using the maximum-
likelihood method. Analysis was performed using a general-time-revers-
ible substitution model with a y-shaped rate variation in RaXML v8 (30).
The final data set of 43 sequences (Fig. 2B to D) was assembled after the
removal of duplicate strains and sequences that contained incorrect sam-
pling years or those that were overly divergent indicating extensive labo-
ratory passage using the root-to-tip regression in Path-O-Gen v1.4 (now
TempEst; http://tree.bio.ed.ac.uk/software/tempest/).

Mice and influenza virus infection. Female pMT (H-2%) mice (32)
were bred and housed under pathogen-free conditions at the Walter Eliza
Hall Institute, Melbourne, Australia. Mice were lightly anesthetized by the
inhalation of methoxyflurane and then infected intranasally (i.n.) with
10° PFU of H3N2-HKx31 influenza A virus dissolved in 30 pl of phos-
phate-buffered saline (PBS). Sequential infections were performed in the
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FIG 1 Hypothesized scenarios that could influence CTL immunity to pH2N2-
1957 and heterogeneous demographic susceptibility. (A) HINI viruses circu-
lating from 1918 to 1941 that could only infect people who reach adulthood by
1957 comprised CTL peptides closely related to pH2N2-1957, resulting in
strong heterosubtypic immunity. Children (born from 1941 to 1956) were
infected with strains circulating immediately prior to pH2N2-1957 that had
less conserved immunogenic peptides relative to pH2N2-1957, resulting in
diminished CTL immunity. (B) Intrareassortment events lead to the emer-
gence of multiple HIN1 viruses (“Strain 1” and “Strain 2”) circulating prior to
pH2N2-1957. In contrast to children, adults would have experience more than
one influenza infection before pH2N2-1957 challenge that could have boosted
CTL memory increasing their protective potential.

same manner at intervals of =30 days, and animals were culled at day 51
after the last infection. All experiments were approved and conducted
under guidelines set by the Walter Eliza Hall Institute Animal Ethics Com-
mittee.

Tissue sampling and cell preparation. Lungs were recovered from
mice 51 days after primary, secondary, and tertiary influenza virus infec-
tion. The lungs were treated with 3 mg of type III collagenase (Worthing-
ton)/ml supplemented with 5 mg of DNase (Invitrogen)/mlin RPMI (33).
Cell suspensions from lungs were incubated for 45 min at 37°C in petri
dishes to remove adherent cells and resuspended in fluorescence-acti-
vated cell sorting (FACS) buffer for flow cytometric analysis. Cells were
stained with Live/Dead Aqua fixable stains (Life Technologies) for 15 min
in PBS at room temperature. The cells were washed once with FACS buffer
and stained with anti-CD45.2-BV711, anti-CD8a-Pacific Blue,
anti-CD62L-PE-Cy7, anti-CD103-APC, and anti-CD69-PE for 30 min on
ice. The cells were washed twice with FACS buffer for FACS analysis on an
LSR Fortessa (BD Biosciences).

RESULTS

Conservation of CTL antigenic peptides from 1918 to 1957 and
the evolution of human influenza viruses. We first considered
whether heterogeneous demographic influenza susceptibility to-
ward pH2N2-1957 may have resulted from differential CTL reac-
tivity due to previous exposure with viruses displaying distinct
CTL antigenic regions (Fig. 1A). We analyzed the conservation of
protein and CTL peptides across human influenza strains isolated
between 1918 and 1957, when there was a shift from HINI to
H2N2. Our focus was on the most immunogenic NP, M1, and PB1
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FIG 2 CD8™ T cell immunogenic NP, M1, and PB1 proteins remain largely
conserved across the 1918-1957 interpandemic period. Influenza viral pro-
teins were aligned using the Influenza Virus Resource tools (www.ncbi.nlm
.nih.gov/genomes/FLU/FLU.html). (A) Conservation from 1918 to 1957 was
determined with respect to the reference sequences of A/HIN1/Brevig Mis-
sion/1918; arrows depict year of emergence of a novel pandemic viruses. (B)
Origin of the emerging pandemic viruses from 1918 to 1957; 1918-“Spanish”
influenza virus was likely introduced from an avian source. The H2N2 “Asian”
influenza pandemic resulted from introduction of avian H2, N2, and PB1 from
birds (77).

viral proteins (8, 17, 34). At the protein level, we found that these
remained largely conserved across the interpandemic 1918-1957
period (Fig. 2). M1 and PB1 were equivalently conserved (mean
conservation for 1918 to 1957 of ~98%), followed by NP (mean
conservation for 1918 to 1957 of ~95%) (Fig. 2). The overall level
of conservation relative to 1918-H1N1 remained well above 90%
(range, 91 to 100%). High protein conservation is indicative of
shared CTL antigenic peptides among HIN1 viruses circulating
before pH2N2-1957.

Despite the high level of conservation within the NP, M1, and
PBI1 proteins, mutations occurred at a range of 4 to 49 substitu-
tions in any given year from 1918 to 1957 (Fig. 2A). Thus, we next
analyzed whether the variations occurred within 142 functionally
tested CTL antigenic regions presented by 51 HLA-A and -B mol-
ecules (data not shown). Consistent with the conservation at the
protein level, ~70% of the Ag-p remained conserved from 1918 to
1957 (Table 1). Despite its introduction from avian reservoirs (35)
(Fig. 2B), CTL antigenic regions in the PB1 were the most highly
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TABLE 2 Conservation of CTL peptides (relative to pH2N2-1957) from
1918 to 1940 and from 1941 to 1956

No. of conserved Ag-p % conserved Ag-p

No. of
Protein  peptides 1918-1940  1941-1956  1918-1940  1941-1956
NP 71 35 57 49 80
M1 39 27 39 69 100
PB1 32 28 28 88 88
Total 142 90 124 69 89

conserved (28 of 32 conserved Ag-p, ~88%), followed by M1 (28
of 39 conserved Ag-p, ~72%) and NP (36 of 71 Ag-p, 51%). This
conservation of CTL antigenic regions would mean that existing
CTL-mediated immunity should have provided protection
against H2N2-1957 pandemic viruses.

Subsequently, to address whether heterogeneous demographic
susceptibility to pH2N2-1957 was due to previous exposures with
influenza viruses comprising distinct CTL peptides (Fig. 1A), we
analyzed conservation of antigenic regions during 19181940 and
1941-1957 relative to pH2N2-1957 (Table 2 and Fig. 3A). Influ-
enza viruses circulating during the 1918-1940 period (exposure of
adults only) shared 69% conserved CTL peptides with pH2N2-
1957 (35 of 71 in the NP, 27 of 39 in the M1, and 28 of 32 in the
PB1; Table 2 and Fig. 3A). Strikingly, viruses that circulated dur-
ing 1941 to 1956 (to which children would have been exposed to)
shared the vast majority (89%) of conserved CTL peptides with
pH2N2-1957 (57 of 71 in the NP; 39 of 39 in the M1, and 28 of 32
in the PB1; Table 2 and Fig. 3A). Our data thus demonstrate that
differences in susceptibility of children and adults to pH2N2-1957
were not due to differential CTL reactivity resulting from expo-
sure to influenza viruses bearing distinct CTL antigenic regions
(Fig. 3A).

To verify our results in an evolutionary context, we applied
phylogenetic analysis to visualize the evolution of the NP, M1, and
PB1 gene lineages among HIN1 and H2N2 viruses across 1918 to
1967. A single lineage of M1 and NP protein genes has continu-
ously circulated in humans over the 50 years period since 1918
(Fig. 3B and C), whereas the PB1 protein genes were introduced in
1957, along with the surface glycoproteins (Fig. 2B and 3D). The
most immunogenic protein, NP (34, 36), drifted gradually since
1957 reflecting their evolution in recent years (Fig. 3C). A similar
but less pronounced drift was observed for the M1 and PB1 genes
(Fig. 3BD). These phylogenetic relationships partly explain the
gain of epitopes in children observed in the 1941-1956 period
(Table 2 and Fig. 3A). In comparison to the drift rate of surface HA
and NA proteins (37), the internal NP, M1, and PB1 that represent
important CTL targets drifted at a lower rate (Fig. 3B to D). Re-
markably, even when the viral PB1 was replaced in pH2N2-1957
as a result of the emergence of novel genes or reassortment (37),
our data showed that the majority of experimentally tested CTL
peptides remained conserved.

Variations within CTL antigenic regions and immune es-
cape. Immune escape can impair CTL-mediated viral control
(38), as shown for HLA-B*3501-restricted NP,;5_,,c or HLA-
B*2705-restricted NP,g5_ 30, influenza epitopes (39-42). Further-
more, CTL-mediated immune pressure can drive influenza virus
evolution, as shown by selection of NP variants with variation
within CTL antigenic regions (43, 44). Given the importance of
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FIG 3 HINI1 viruses circulating from 1941 to 1956 shared more Ag-p with pH2N2-1957 reflective of the evolutionary relationships of the NP, M1, and PB1
human influenza viruses. (A) Proportion of shared Ag-p with pH2N2-1957 (y axis) in HINI1 viruses circulating from 1918 to 1940 (exposure of adults only) and
from 1941 to 1956 (children exposure window) across the M1, NP, and PB1. (B to D) M1 (B) and NP (C) genes of pH2N2-1957 were derived from preceding
HINTI viruses, in contrast to PB1 genes (D), which were acquired through reassortment from avian ancestors.

CTL variants in escaping protective CTL-mediated immunity, we
performed a comprehensive analysis (across 142 experimentally
validated CTL Ag-p presented by 51 HLA-A an HLA-B molecules)
of mutations in pH2N2-1957 antigenic regions that may have po-
tentially escaped recognition from established CTL memory prior
to 1957. Our study identified two overlapping immunogenic pep-
tides within the viral NP (HLA-A*03:01-restricted-NP,,, ,,, and
HLA-B*15:01-restricted-NP,o,_4;4), which resembled pHIN1/
1918 virus but not the HINT1 strains isolated after the pandemic
period (1935 to 1956) (data not shown). We also found that the
emergent PB1 protein gene of pH2N2-1957 contained three novel
mutations affecting two epitopes (M—>I at position 6 [p6] within
the HLA-A2-restricted PB1,¢4_;,4 and L—V at p3 and N—I at p6
within the A*03:01-restricted PBl,,, 44, [referred to here as
PB1,,, L473V/N4761]) (data not shown).

To assess the impact of these variations on CTL recognition, we
probed their ability to recall memory CD8™ T cells from PBMCs
isolated from healthy volunteers (Table 3) using CTL peptide
stimulation, followed by IFN-vy/TNF-a ICS (29). The novel
PB1,,,.L473V/N476I variant emerging with pH2N2-1957 failed
to recall preestablished memory CTLs (Fig. 4), suggesting that
HLA-A*03:017 individuals of all ages had a diminished CTL
memory response to pH2N2-1957. Unexpectedly, no responses
were detected toward any HLA-A2-restricted PB1,4¢_,,, orHLA-
A3-restricted NP,,,_,,, variants in our donors (data not shown).

Furthermore, we found that the HLA-B*15:01-restricted
NP,,, V408I variant, present in pH2N2-1957 isolates (data not
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shown) failed to reactivate preexisting CTL memory pools in do-
nor D-15A (Fig. 5). In contrast, donor D-15B displayed reactivity
to both HIN1 wild-type (wt) and H2N2 (V4081) variants of B¥15:
01-restricted-NP,, 4,4 (Fig. 5). To determine whether this was
due to the interepitope cross-reactivity or resulted from infection
with distinct influenza strains, we analyzed TCRa signatures to-
ward the NP ,o,-wt and NP,,-V408I antigenic peptides. Epitope-
specific CTLs were single cell sorted for paired TCRaf} analysis
(Fig. 6A). Although there was a high degree of shared TRAV and

TABLE 3 Ages and HLA types of donors

HLA type(s)

Donor Age (yr)? HLA-A HLA-B
D-3A 57 0301, 3201 4402
D-3B 58 0301, 1101 0702, 4403
D-3C 43 0301, 1101 3501, 4402
D-15A 61 0201, 3101 1501, 4402
D-15B 40 0301, 2601 0702, 1501
D-15C 39 0101, 0301 0801, 1501
D-15D NA 0201 1501
D-3D NA 0301 0702, 1501
D-2A 71 0201, 2402 3906, 4002
D-2B 25 0201, 6801 4402, 5101
D-2C 33 0201, 0301 1402, 5801
D-2D 69 0201, 3201 0702, 4403

“NA, not available.
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FIG 4 Loss of CTL immunity toward A*03:01"-PB1,,,_,5, L473V/N476] variant with the emergence of the pH2N2-1957. CTL responses to PB1,,; 4, in
HLA-A*03:01" healthy donors (D-3A, D-3B, and D-3C) were assessed. Polyclonal CTL lines were generated by pulsing with wild-type PB1,,, or variant
PB1,,,L473V/N476I peptides, followed by 10 days of in vitro expansion. On day 10, the cells were stimulated with cognate peptide, followed by a 5-h ICS assay.
Reactivation was measured on live CD3* CD4~ CD8" T cells by TNF-a/IFN-vy ICS. The results for no-peptide controls are shown in parentheses. The presence
of preexisting influenza-specific CTL memory was verified by assessing the immunogenic A*03:01-restricted NP, ,-5 response as a positive control (left
column). FACS plots (A) and graphed data with background subtracted (B) are shown. The data are representative of three independent experiments.

TRBV usage (Fig. 6B), distinct TCRa profiles (defined by the
hypervariable complementary determining region 3 [CDR3] se-
quence) responded to each B¥1501-restrcited NP, variant, with
only one TCRaf clonotype (Va12.2-DGGNKL-Ja47/VB19-SI-
IGWDYEQ-JB2.7) shared at low frequency (~5%) between B*15:
01-NP,o,-wt and B*15:01-NP ,,-V408I (Fig. 6C). These data in-
dicate that donor 15B was infected with at least two different
influenza strains eliciting distinct TCRaf repertoire pools and
thus point to a non-cross-reactive nature of memory CTL pools
toward the pH2N2-1957 variant in B*15:01" individuals. Given
that the NP,,, variant was shared between pHIN1-1918 and
pH2N2-1957, but not with the intervening strains (data not
shown), our data suggest that only the adults were likely protected
from viruses capable of generating NP,,-specific memory toward
pH2N2-1957.

Taken together, our functional analysis of CTL variants re-
vealed potential CTL immune evasion toward pH2N2-1957
within HLA-A*03:01" individuals for PB1,,, 1L473V/N476I vari-
ant and HLA-B*15:01" population for NP,,,_,,,-V408] epitope.
The wt and likely escape variants are roughly evenly distributed
among contemporary HIN1 and H3N2 seasonal vaccine strains
(data not shown). Although unlikely, it cannot be excluded that
the donors analyzed here were exposed to viruses containing only
wt CTL peptides and, in turn, masked the absence of CTL re-
sponses toward the likely escape variants identified. Nonetheless,
the loss of immunogenicity in these epitopes may have affected the
CTL response capacity against pH2N2 in HLA-A*0301" and
HLA-B*15017 individuals, which, for instance, among Cauca-
sians comprise ~14.4 and ~6% of the population, respectively
(45). However, these escape variants could not explain heteroge-
neous demographic susceptibility to pH2N2-1957. Conversely,
higher conservation of CTL epitopes during the 1941-1957 period
suggest that children would have generated CD8™ T cell memory
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to the vast majority of epitopes present in pH2N2-1957. Thus, it is
highly unlikely that higher pH2N2-1957 influenza susceptibility
in children was due to CTL immune escape.

Repeated influenza exposures lead to increased protection
irrespective of B cell immunity. A possible explanation for differ-
ential susceptibility to pH2N2-1957 between children and adults
is that adults had “accumulated” heterosubtypic immunity as a
result of multiple influenza exposures over decades (Fig. 1B). Cir-
culation of antigenically distinct HIN1 viruses (22) associated
with influenza outbreaks prior to pH2N2-1957 (20, 21) further
reinforces this possibility and raises a question of how repeated
influenza infections impact the protective capacity of CD8" T cell
memory (Fig. 1B). To investigate whether reduced influenza dis-
ease morbidity relates to numerical and/or phenotypic attributes
of primary versus “boosted” CTL memory, we set up a triple in-
fection experimental regimen in B-cell-deficient wMT mice (32).
Naive uMT C57BL/6 mice were sequentially infected at =30-day
intervals one, two, or three times with HKx31-H3N2 virus
(HKx31) i.n. (Fig. 7A). Body weight (BW) loss in mice undergoing
primary (1°), secondary (2°), or tertiary (3°) infection was re-
corded, and CTL memory was analyzed at day 51 after the last
infection (Fig. 7).

Our data showed decreased morbidity and enhanced recovery
in mice that received two influenza infections prior to the 3° chal-
lenge (Fig. 7B). In marked contrast to primary or secondary influ-
enza infections in which pWMT mice showed significant BW loss
(1° infection = 92.6% = 10.8% [P < 0.05]; 2° infection =
89.6% = 9% [P < 0.05] at day 11) and did not recover for >20
days, mice undergoing tertiary challenge did display any influen-
za-induced morbidity and had no BW loss (mean BW =
100.5% = 5.1% at day 11) (Fig. 7B). Although recovery from
primary influenza challenge in intact C57BL/6 mice takes ~10
days (46), influenza disease recovery was significantly delayed by
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FIG 5 Mutations in the subdominant HLA-B*15:01-restricted NP o, 44
during the 1933-1957 period compromised CTL recognition of pH2N2-1957.
Influenza-specific CD8"* T-cell responses in HLA-B*15:01" healthy donors
(D-15A, D-15B, D-15C, and D-15D) were assessed by IFN-y/TNF-a ICS as
described in Fig. 4. Reactivity to NP,,, was confirmed in two of four donors
(D-15A and D-15B) despite prominent influenza-specific CTL reactivation
toward A2 -M1s,_¢ found in D-15D. Cells were gated on live CD3" CD4~
CD8" T cells. Percentages of background staining of no-peptide controls are
shown in parentheses. Data for D-15A and D-15B are representative of three
independent experiments, those for D-15C are representative of two indepen-
dent experiments, and those for D-15D are representative of one experiment
due to limited PBMC samples.

an average of 30days in the primary but not the tertiary mice (Fig.
7B), highlighting CTL protection offered during the tertiary chal-
lenge.

Furthermore, as demonstrated in several recent reports (47—
49), CD8™ Ty cells have an important contribution to protec-
tion from viral challenge and are necessary for inducing protective
heterosubtypic immunity against influenza (50). Notably, multi-
ple sequential skin infections with vaccinia virus (VACV) results
in an accumulation at CD8 ™ Ty, cells that can populate the entire
skin surface and mediate enhanced viral protection (51).

Therefore, we tested the correlation of CD8" Tg,, compart-
mentalization with repeated antigen experience and the presence
of association with a superior influenza control. In particular, we
enumerated lung, “bulk” CD8™ Ty, cells in mice receiving con-
secutive infections at resting memory phase (day 51 after infec-
tion) (Fig. 7A). CD8™ Ty, cells were characterized by the expres-
sion of the early activation marker (CD69), either alone or in
conjunction with the a-chain of the a3, integrin (CD103), with
both phenotypes defining CD8" Ty cells (52-54). Remarkably,
we found that the frequency of CD8" Ty, cells increased with
repetitive antigen experience (Fig. 7C). The mean numbers of
CD8" CD62L"° CD69" CD103™ T cells during the 1° memory
were 1.39 X 10* + 1.27 X 10% increased by 2-fold to 2.73 X 10* +
0.96 X 10* during the 2° memory, and then further increased by
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3-fold during the 3° memory, with a mean of 7.5 X 10* = 5.1 X
10* (Fig. 7D). With mounting evidence suggesting that CD69 is a
requirement for tissue retention (54), it is notable that a large
proportion of CD8" CD62L" T cells in the lung were CD69 ™"
CD103™ and those cells increased with the sequential boosting
(mean total numbers in 1° memory of 3.6 X 10> = 0.8 X 10°
versus 2° memory of 4.2 X 10° = 1 X 10’ versus 3° memory of
4.6 X 10° £ 5.1 X 10% Fig. 7E). Together, these data are indicative
of numeric differences in CD8" Ty, cells generated by multiple
infections and add to the notion that the infection history (the
number of influenza exposures) results in superior protective ca-
pacity of CTL memory against influenza viruses. In respiratory
infections such as influenza viruses, this may be associated with
the enrichment of lung CD8™ Tyy cells.

DISCUSSION

The main findings of our study are as follows: (i) the majority of
the known CTL antigenic regions in immunodominant influenza
proteins remained largely conserved across 1918 to 1957, includ-
ing the two major pHIN1-1918 and pH2N2-1957 pandemics; (ii)
conserved CTL Ag-p with pH2N2-1957 were substantially higher
for influenza viruses circulating immediately prior 1957, indicat-
ing that differential susceptibility is not due to age-specific expo-
sure to influenza viruses with distinct CTL peptides; and (iii) de-
mographic susceptibility might be more closely linked to the
number of influenza exposures. Our data show that repeated in-
fections with influenza viruses increased numbers of protective
CD8™ Ty cells in the lung, which in turn could have influenced
pH2N2-1957 demographic susceptibility, with adults having
higher numbers of infections than children.

Although CTL escape variants are a hallmark of chronic viral
infections (e.g., chronic HIV or hepatitis) (55-57), we find that the
CTL antigenic regions within influenza viruses causing acute re-
spiratory disease remain largely conserved across a 40-year period.
Our findings support previous models of emergence/fixation of
influenza escape variants during the conditions of selective advan-
tage (longer persistence), as well as specific environmental (long
virus incubation periods between influenza seasons) and stochastic
dynamics (58). This conservation might indicate that influenza-spe-
cific CTLs target internal segments necessary for viral replication/
function and thus limit viral fitness, which is the case for the highly
conserved and prominent HLA-A*0201-restricted M154 epitope
(18, 29, 59). The seasonality of influenza epidemics and reduced
duration of illness and of the contagious period would decrease
the opportunity for selection and transmission of replicatively fit
escape variants capable of persisting in an enormously diverse
HLA population.

Nonetheless, we found viral variants within A¥03:01-restricted
PB1,,, and B*15:01-restricted NP,,, epitopes associated with im-
mune evasion, a finding consistent with previous observations of
drift and fixation of CTL escape in influenza-specific B35-NP,, 4
and B27-NP5g; epitopes (39-42). The extent of potential CTL es-
cape is in line with a recent study comparing the rate of evolution
in the NP proteins across human and swine influenza viruses (43).
That study demonstrated that CTL-mediated selective pressure
drives the emergence of mutations in CTL Ag-p. Interestingly, the
authors reported that variants emerged with selective advantage
and thus could fixate at the population level (43). Importantly,
some of the identified mutations were previously shown to nega-
tively impact CTL-mediated immunity (43).
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FIG 6 Minimal TCRaf3 cross-reactivity between HLA-B*15:01-restricted NP, _,,,-HIN1 and NP,,,_,,,~-H2N2-V408I variants. (A) Specific cell lines from
donor 15B were generated by stimulation with NP, _,,,-HIN1(‘wt’)- or NP, _,,,-H2N2-V408I peptides, followed by 10 days of culture in the presence of
human plasma serum and subsequent restimulation with cognate peptide for detection of epitope-specific CD8™" T cells by an IFN-y surface capture assay. Live
CD3" CD4~ CD8" IEN-y™" T cells were single cell sorted, and TCRa profiles were determined by single-cell nested multiplex reverse transcription-PCR using
TRAV and TRBV primers (31). (B) TRAV and TRBV usage. (C) CDR3 clonotypes.

One limitation in linking CTL immunity to past pandemics is
the fact that global influenza surveillance only became intensive in
recent years. A further complication in the influenza field is the
lack of understanding of CTL immunodominance, the breadth of
the response, and the extent of epitope discovery, which have been
limited to a small number of HLA types. Therefore, it remains
possible that our results on conservation and extent of immune
escape may only partially represent the full extent of immune eva-
sion that could have played a role in susceptibility to pH2N2-1957.

Our results on the role of CTL immunity in determining pan-
demic susceptibility most closely circumscribe in the context
H2N2 pandemic of 1957 and in the unique household study, with
laboratory-confirmed influenza before and after the pandemic,
demonstrating heterogeneous demographic influenza susceptibil-
ity (13). Influenza activity the 1918-1956 period spiked in several
outbreaks, i.e., the 1928-1929, 1932-1933, 1936-1937, 1943-1944,
1947, and 1950-1951 outbreaks (60, 61), with the latter two out-
breaks being remarkably severe. Early evidence suggests homoge-
nous demographic attack rates during the 1968 H3N2 “Hong
Kong” pandemic (pH3N2-1968) (62); however, wide geographi-
cal differences in pH3N?2 severity have been reported (63). Thus,
the epidemiology of pH3N2-1968 virus remains to some extent
controversial (64). In contrast, low susceptibility was observed in
the elderly during the 2009 HIN1 pandemic (65), a finding par-
tially explained by the presence of preexisting cross-reactive CD8 *
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T cells (66) and nAbs (65), the latter elicited by prior exposure to
seasonal HIN1 virus. Furthermore, it has been observed that in-
fection history with exposure to seasonal HIN1 strains circulating
during the 1983-1996 period, but not in other years, prompted
antibody responses against a homologous HA epitope present in
pHIN1-2009 (67). Thus, it is possible that the adult population
might have acquired more broadly reactive antibodies than chil-
dren, which could have contributed to protective immunity
against H2N2 pandemic strain.

Historically, susceptibility to influenza has been dispropor-
tionate in children (68). Although naiveté of the adaptive immune
component or failure to mount an appropriately coordinated T
cell response (69) are possible explanations, our data suggest the
importance of the size and quality of the preestablished CTL
memory.

Early evidence from the murine models suggested that increas-
ing the magnitude of CTL memory recall responses by double
priming with antigenically distinct influenza viruses resulted in
unprecedented protection from lethal H7N7 challenge (70). Our
observation that experienced CD8" T cell memory is more pro-
tective than 1° memory is consistent with Listeria monocytogenes,
lymphocytic choriomeningitis virus (LCMV-Armstrong), and
VACV models (71, 72). The protective capacity of 2° and 3° CD8 ™
T cell memory is a result of both increased CTL numbers (72) and
their qualitative characteristics (71, 73). The qualitative protective
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features of secondary CD8" T cell memory include retention of
effector functions such as potent cytokine production and cyto-
lytic capacity characterized by a distinct transcriptional signature
(72, 74), enhanced migratory potential and localization to extra-
lymphoid tissue such as the lungs (71, 72), or enhanced ability to
rapidly migrate into the site of pathogen penetration (73). Fur-
thermore, CD8™ Ty, cells have been implicated as a major com-
ponent mediating cross-strain protective immunity against influ-
enza (50).

In the context of VACV infection of the skin, sequential infec-
tions resulted in an accumulation of CD8™ Ty, cells that could
populate the entire surface of the skin, resulting in enhanced pro-
tection upon VACV reinfection (51). This prompted us to inves-
tigate how sequential influenza infections, in the absence of any
B-cell-mediated immunity, shape the CD8" Ty, compartment.
To the best of our knowledge, these are the first data showing a
positive association between repeated prior influenza infections,
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an increase in the number of CD8" Ty, cells, and reduced influ-
enza-induced morbidity upon new challenge in the absence of
antibodies in wWMT mice.

Unexpectedly, we found no significant difference in the body
weight loss between the mice undergoing primary and secondary
infections. The reasons for this are unknown; however, a possible
explanation could involve T-cell-mediated immunopathology
(75). It is still possible that the secondarily challenged wMT mice
had accelerated viral clearance. To the best of our knowledge, this
is the first time the memory CD8" T cell responses and body
weight loss have been assessed following secondary and tertiary
H3N2-HKx31 influenza virus infection using wWMT mice.

Our results add to the notion that infection history appears to
have a major impact in the quantity and quality of preestablished
CTL memory, with multiple infections driving the accumulation
of protective CD8™ Ty cells that could mediate protection dur-
ing influenza rechallenge. Therefore, our results indicate that it
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might be highly feasible to recall heterologous CTL memory in the
population by a CTL vaccine or a vaccine component. The opti-
mal regimen for such a vaccine should include both priming and
sequential booster phases to ensure establishment of CD8" Ty,
cells and protective efficacy. In line with this idea, recent studies
demonstrated that mucosal vaccination induces protective Tyy,
cells that are highly efficient in controlling Chlamydia trachomatis
infection (76). Further studies on mucosal influenza vaccine de-
livery systems are warranted.
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